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10 BACKGROUND OF THE INVENTION 
Field of thb Invention 

This invention is directed to methods and systems for purifying polymers used for 
medical devices, such as drug eluting stents. 
Description of the State of the Art 

15 Percutaneous transluminal coronary angioplasty (PTC A) is a procedure for treating heart 

disease. A catheter assembly having a balloon portion is introduced percutaneously into the 
cardiovascular system of a patient via the brachial or femoral artery. The catheter assembly is 
advanced through the coronary vasculature until the balloon portion is positioned across the 
occlusive lesion. Once in position across the lesion, the balloon is inflated to a predetermined 

20 size to radially compress against the atherosclerotic plaque of the lesion to remodel the lumen 

wall. The balloon is then deflated to a smaller profile to allow the catheter to be withdrawn from 
the patient's vasculature. 

v » ■ A problem associated with the above procedure includes formation of intimal flaps or 
torn arterial linings which can collapse and occlude the conduit after the balloon is deflated. 

25 Moreover, thrombosis and restenosis of the artery may develop over several months after the 

procedure, which may require another angioplasty procedure or a surgical by-pass operation. To 
reduce the partial or total occlusion of the artery by the collapse of arterial lining and to reduce 
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the chance of the development of thrombosis and restenosis, a stent is implanted in the lumen to 
maintain the vascular patency. " 

Stents are used not only as a mechanical intervention but also as a vehicle for providing 
biological therapy. As a mechanical intervention, stents act as scaffoldings, functioning to 
5 physically hold open and, if desired, to expand the wall of the passageway. Typically, stents are 
capable of being compressed, so that they can be inserted through small vessels via catheters, 
and then expanded to a larger diameter once they are at the desired location. 

Biological therapy can be achieved by medicating the stents. Medicated stents provide 
for the local administration of a therapeutic substance at the diseased site. In order to provide an 

10 efficacious concentration to the treated site, systemic administration of such medication often 
produces adverse or toxic side effects for the patient. Local delivery is a preferred method of 
treatment in that smaller total levels of medication are administered in comparison to systemic 
dosages, but are concentrated at a specific site. Local delivery thus produces fewer side effects 
and achieves more favorable results. One proposed method for medicating stents involves the 

15 use of a polymeric carrier coated onto the surface of a stent. A blend which includes a solvent, a 
polymer dissolved in the solvent, and a therapeutic substance dispersed in the blend is applied to 
the stent. The solvent is allowed to evaporate, leaving on the stent surface a coating of the 
polymer and the therapeutic substance impregnated in the polymer. 

A potential shortcoming of the foregoing method of medicating stents is that the 

20 commercially available polymers can contain impurities that trigger adverse biological responses 
to the stent when implanted into a biological lumen. The polymers can contain impurities such 
as catalysts, initiators, processing aids, suspension aids, unreacted monomers and oligomers or 
other low molecular weight species, even though the polymer is sold as a "food packaging 
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grade" polymer by the manufacturer. Some of the processes that are employed to purify 
polymers used in stent coatings can be time consuming, costly and can produce toxic effluents 
that are environmentally harmful. Thus, there is a need for processes of purifying polymers that 
does not suffer from the aforementioned drawbacks. The present invention provides a method 
5 and system to meet this need. 

SUMMARY ^ 

In accordance with one aspect of the invention, a method of manufacturing an 
implantable medical device is disclosed, including purifying a polymer by introducing a polymer 
into a mixing apparatus; introducing a fluid into the mixing apparatus; mixing the fluid with the 

1 0 polymer; removing at least a volume of the fluid from the mixing apparatus such that an impurity 
is completely or at least partially removed with the fluid; and collecting the polymer after 
removal of the impurity; and then coating an implantable medical device with the purified 
polymer, or fabricating the implantable medical device with the purified polymer. In one 
i embodiment, the method further includes exposing the fluid to a temperature equal to or greater 

15 than the boiling temperature of the fluid at ambient pressure prior to removing the fluid from the 
mixing apparatus. In another embodiment, the polymer is exposed to a temperature equal to or 
greater than the melting temperature of the polymer. In a further embodiment, the fluid is of a 
type to physically entrap the impurity without dissolving the impurity. In yet another 
embodiment, the fluid is of a type to dissolve the impurity. 

20 . In another aspect of the invention, a method of manufacturing a coating for an 

implantable medical device is disclosed, comprising purifying a thermoplastic polymer, the 
purifying including introducing a thermoplastic polymer having an impurity into an extruder, 
introducing a fluid into the extruder, mixing the fluid with the polymer, removing at least a 
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portion of the fluid and impurity from the extruder, and collecting the polymer after removal of 

f - : ■ • 

the impurity; and applying a composition to an implantable medical device, the composition 
including the purified polymer, a solvent and optionally a therapeutic agent. In one embodiment, 
the polymer is selected from the group consisting of an ethylene vinyl alcohol copolymer, 
5 poly(butyl methacrylate), po!y(vinyIidene fluoride-co-hexafluororpropene), polyvinylidene 
fluoride, poly(L-lactic acid), poly(caprolactone), an ethylene-vinyl acetate copolymer and 
polyethylene glycol. In another embodiment, the fluid is selected from the group consisting of 
water, isopropyl alcohol, methanol, FLUX REMOVER AMS, acetone, ethanol, dimethyl 
acetamide, acetonitrile, dimethyl formamide, eye 1 ohexane, d i methyl sulfoxide, and combinations 
10 thereof 

In a further aspect, a system for removing an impurity from a polymer is disclosed, 
including an extruder, the extruder having a first orifice confijgured to receive a polymer; an 
element configured to convey the polymer through the extruder, an injection port configured to 
receive a fluid, an extraction port configured to remove the fluid; and a second orifice configured 
15 to eject a polymer; a pump for introducing the fluid into the injection port; and a vacuum in 
communication with the extraction port. In one embodiment, the extruder further comprises a 
zone capable of heating the polymer. In another embodiment, the extraction port is positioned in 
close proximity to the injection port. 
BRIEF DESCRIPTION OF THE DRAWINGS 
20 Figure 1 is an illustration of a system including a twin screw extruder for purifying a 

polymer in accordance with an embodiment of the present invention- 
Figure 2 is a cross-section of the twin screw extruder along the line 2-2 in Figure 1 ; and 
Figure 3 is a side view of a twin screw configuration as referred to in the Example. 
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DETAILED DESCRIPTION 

Methods of Purification 
Before a polymer is used for an implantable medical device, the polymer should be 
purified. The present invention provides a method of purifying a polymer (e.g., thermoplastic 
5 polymer) for use with an implantable medical device. The method includes introducing a . 
polymer having an impurity into a mixing apparatus. The method can include reducing the 
viscosity of the polymer to produce a workable range of viscosity, for example, so that the 
polymer is in a liquid form or state. Next, a fluid is introduced into the mixing apparatus and 
mixed with the liquid form of the polymer. As the fluid is mixed with the polymer, the fluid acts 

10 to strip or remove impurities from the polymer. After the impurities have been removed from 
the polymer by the fluid, the fluid containing the impurity is removed from the mixing apparatus 
and the purified polymer is collected. By using the methods of the present invention, polymers 
can be purified to remove a significant amount of low molecular weight species such as residual 
1 catalysts, initiators, processing aids, suspension aids, unreacted monomers and oligomers. 

1 5 Representative examples of polymers that can be purified by using the methods of the 

present invention include poly(hydroxyvalerate), poly(lactide-co-glycolide), 
poly(hydroxybutyrate), poly(hydroxybutyrate-co-valerate), polyorthoester, polyanhydride, 
poly(glycolic acid), poly(D,L-lactic acid), poly(gly colic acid-co-trimethylene carbonate), 
poly(trimethylene. carbonate), co-poly(ether-esters) (e.g. PEO/PLA), polyphosphazenes, 

20 biomolecules (such as fibrin, fibrinogen, cellulose, starch, collagen and hyaluronic acid), 
polyurethanes, silicones, polyesters, polyolefins, polyisobutylene and ethylene-alphaolefin 
copolymers, acrylic polymers and copolymers other than polyacrylates, vinyl halide polymers 
and copolymers (such as polyvinyl chloride), polyvinyl ethers (such as polyvinyl methyl ether), 
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polyvinylidene halides (such as polyvinylidene chloride), polyacrylonitrile, polyvinyl ketones, 
polyvinyl arornatics (such as polystyrene), polyvinyl esters (such as polyvinyl acetate), 
acrylonitri 1 e-styrene copolymers, ABS resins, polyamides (such as Nylon 66 and 
polycaprolactam), polycarbonates^ polyoxymethylenes, polyimides, polyethers, polyurethanes, 
5 rayon, rayon-triacetate, cellulose, cellulose acetate, cellulose butyrate, cellulose acetate butyrate, 
cellophane, cellulose nitrate, cellulose propionate, cellulose ethers, and carboxymethyl cellulose. 

Representative examples of polymers that can be especially well suited for purification 
by using a method of the present invention include ethylene vinyl alcohol copolymer (commonly 
known by the generic name EVOH or by the trade name EV AL), poly(butyl methacrylate), 

10 poly(vinylidene fluoride-co-hexafluororpropene) (e.g., SOLEF 21508, available from Solvay 
Solexis PVDF, Thorofare, NJ), polyvinylidene fluoride (otherwise known as KYNAR, available 
from ATOFIN A Chemicals, Philadelphia, PA), poly(L-lactic acid), poly(caprolagtone), ethylene- 
vinyl acetate copolymers, polyethylene glycol. 

A polymer having an impurity can be introduced into a mixing apparatus in a solid form 

1 5 (e.g., such as pellets or a fine powder) or a melted form (e.g., as a polymer pre-heated to a 

temperature at or above the melting temperature of the polymer). As the polymer is introduced 
into the mixing device, or any time during the purification process, a gas can be delivered to the 
mixing device to reduce the amount of degradation or discoloration experienced by the polymer. 
The gas can reduce the amount of degradation or discoloration, by removing degradation agents. 

20 For example, the gas can remove atmospheric oxygen from the mixing apparatus. Atmospheric 
oxygen, if not removed from the mixing apparatus, can cause discoloration during the 
purification process. Representative examples of gases that can be delivered include inert gases 
such as nitrogen, argon, etc. : * 
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As the polymer is mixed in the mixing apparatus, the polymer should be in a substantially 
liquid form. The viscosity of the polymer in the mixing apparatus can be at the maximum, about 
10,000 poises at 1 atm to about 20,000 poises at 1 atm. If the polymer is too viscous (e.g., has 
been introduced into the mixing apparatus as a solid form), the polymer should be exposed to 
5 mixing conditions that decrease the viscosity. For example, the mixing parameters (e.g., shear 
rate) can be selected so that the polymer's viscosity is decreased. Also, the polymer can be 
. exposed to a sufficient temperature that decreases the viscosity of the polymer. For instance, the , 
polymer can be heated by elements integrated with the mixing apparatus to a temperature equal 
to or.greater than the temperature at which the polymer exhibits characteristics of a liquid such as 
10 the ability to flow. In one embodiment, the polymer is exposed to a temperature equal to or 

greater than the melting temperature of the polymer. The melting temperature of a crystalline or 
semi-crystalline polymer is the temperature at which the last trace of crystallinity in the polymer 
disappears as a sample is exposed to increasing heat. The melting temperature of a polymer is 
also know as the fusion temperature. Methods of measuring melting temperatures are 
15 . understood by one of ordinary skill in the art and are discussed by, for example, L.H. Sperling, 
Introduction to Physical Polymer Science, Wiley-Interscience, New York (3rd ed. 200 1)* and 
R.F. Boyer, in Encyclopedia of Polymer Science and Technology, Suppl. Vol. 2, N.M. Bikales, 
ed., Interscience, New York (1977). 

In the next step of the process, a fluid is introduced into the mixing apparatus. The fluid 
20 acts to strip or remove the impurity from the polymer. The fluid can be introduced into the 

mixing apparatus in either a liquid or gas/ vapor form. Additionally, more than one fluid can be 
introduced into the mixing apparatus. Representative injection rates of the fluid can be from • 
. about 1 00 ml/hr to about 1 200 ml/hr, and more narrowly 490 ml/hr to 1000 ml/hr. 
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The fluid can be selected in order to remove the known or suspected impurity in the 
polymer. For example, impurities such as sodium acetate, and lower molecular weight 
monomers and oligomers can be removed from an ethylene vinyl alcohol copolymer. Without 
being bound by any particular theory, it is believed that the fluid can remove an impurity because 
5 the fluid can dissolve the impurity and thus remove the impurity from the polymer mass. On the 
other hand, it is also believed that some fluids are capable of removing an impurity by physically 
entrapping the impurity without dissolving the impurity or only partially dissolving the impurity. 
In other words, it is believed that the fluid can physically force" the impurity out of the polymer 
and to the surface of the polymer mass, where the impurity can be extracted from the mixing 
10 apparatus. 

In one embodiment of the present invention, two different fluids are used to extract an 
impurity. A first fluid is capable of acting as a solvent for the impurity. For example, inorganic 
salts such as state salt and sodium acetate can be removed from poly(butyl methacrylate) by 
being dissolved in water. "Solvent" is defined as a substance capable of dissolving or dispersing 

1 5 one or more other substances or capable of at least partially dissolving or dispersing the 

substance(s) to form a uniformly dispersed mixture at the molecular- or ionic-size level. The 
solvent should be capable of dissolving at least 0.1 mg of the impurity in 1 ml of the solvent, and 
more narrowly 0.5 mg in 1 ml at ambient temperature and ambient pressure. A second fluid can 
act as a non- solvent for the impurity. For example, low molecular weight components (i.e., 

20 molecules having less than 1000 daltons) can be removed by being suspended by water. "Non- 
solvent" is defined as a substance incapable of dissolving the other substance. The non-solvent 
should be capable of dissolving only less than 0.1 mg of the impurity in 1 ml of the non-solvent 
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at ambient temperature and ambient pressure, and more narrowly only less than 0.05 mg in 1 ml 
at ambient temperature and ambient pressure. 

Representative examples of fluids that can remove an impurity include nitrogen, argon, 
air, water, isopropyl alcohol, methanol, FLUX REMOVER AMS, acetone, ethanol, dimethyl 
5 acetamide (DMAC), acetonitrile, dimethyl formamide (DMF), cyclohexane, dimethyl sulfoxide 
(DMSO), and mixtures thereof. FLIJX REMOVER AMS is a trade name of a solvent 
manufactured by Tech Spray, Inc. of Amarillo, Texas comprising about 93.7% of a mixture of 
; 3 ,3 -dichloro- 1,1,1 ,2,2-pentafluoropropane and 1 ,3-dichIoro- 1 , 1 ;2,2,3-pehtafluoropropane, and 
the balance methanol, with trace amounts of nitromethane. ••' 

10 ' After the fluid has removed the impurity from the polymer mass, if the fluid is in a liquid 

form, then the fluid is heated to a temperature equal to or greater than the boiling point of the 
fluid at ambient pressure. The fluid in the vapor form containing the impurity is removed from 
the mixing apparatus. The fluid containing the impurity can be allowed to evaporate from the 
mixing apparatus under 1 atm, or the fluid can be extracted under a vacuum or reduced pressure, 

15 for example a pressure less than less than about 300 mm Hg, or more narrowly, less than about 
10 mm Hg. 

The following Table 1 provides selected properties for representative examples of fluids: 
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table 1 


FLUID 

VAPOR PRESSURE (mm 
Hg)@20°C 

BOILING POINT (°C) @ 1 
atm 

Water . 

17.5 

100 

Isopropyl alcohol 

32.4 

' 82 . 

Methanol 

.97 

65 

DMAC 

1.3 

166 

Acetone 

185 

56 

Ethanol 

40 

78 

DMSO 

0.6 

189 

DMF 

2.7 ' ■■ 

153 

Cyclohexane . 

• 77.5 

49 


After the impurity has been removed from the polymer, the purified polymer can be 
collected from the mixing apparatus. For example, the purified polymer can be pressurized and 
5 discharged from the mixing apparatus through a die. Additionally, the purified polymer can be 

h. • ' ' •• 

extracted into a cooling bath or a stainless steel conveyer belt in preparation for postprocessing. 

System for Polymer Purification 
Representative examples of mixing apparatuses for the present invention include single 
screw extruders, intermeshing co-rotating and counter-rotating twin-screw extruders arid other 

10 multiple screw masticating extruders. Figure 1 illustrates an example of a twin screw extruder 
10. The configuration illustrated in Figure 1 is an intermeshing co-rotating twin screw extruder. 
However, other configurations for a twin screw extruder are contemplated as useful with the 
process of the present invention, including multiple extruders arranged in a cascaded fashion 
with the material passing continuously from one extruder to the next. 

15 Twin screw extruder 10 can include a longitudinal chamber 12. Referring to Figure 2, 

chamber 1 2 has a pair of central cylinders 14 and 1 6 which house a pair of corresponding co- 
rotating twin extrusion screws 18 and 20, respectively: Each screw 18 and 20 can be mounted on 
a shaft that is integrated with a gear box housed by a motor 2 1 . As indicated by arrows 22 and 
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24, each screw 1 8 and 20 can be configured to rotate within chamber 12 to convey the polymer 
in chamber 12. Arrows 26, 28 and 30 show the polymer flow within chamber 12 as the polymer 
is conveyed along twin screw extruder 10. 
■\ The configuration of the twin screws can be any suitable configuration that allows the 

5 twin screws to mix the material introduced into twin screw extruder 10, and convey the material 
through extruder 10. In one embodiment, the configuration illustrated in Figure 3, as further 
described in Example 1 , is used. 

Twin screw extruder 10 can have a multiple number of barrels which act as discrete 
mixing zones. The barrels pan have a total length to diameter ratio in the range of about 32-52, 
10 and more narrowly, about 36-44. In each of these mixing zones or barrels, the shear rate, shear 
stress, energy flux, plastics material flow and temperature can be individually controlled. By 
controlling these particular process variables in each zone, the process of the present invention 
can effectively remove impurities from the polymer. Twin screw extruder 10 can have any 
suitable number of barrels for mixing the polymer. For example, twin screw extruder 10 can 
15 have one to fifteen barrels, more narrowly from eight to thirteen barrels. As illustrated in Figure 
. 1 , twin screw extruder 10 has eight barrels marked 32 A through 32H, including one "dummy 
barrel" (barrel 32A), and two double length barrels (barrels 32F and 32G). Each of the barrels 
can have a separate temperature control that can heat or cool the contents as needed. 

The* polymer can be introduced into twin screw extruder 1 0 by a feeder 34 into second 
20 barrel 32B. As noted above, first barrel 32A can act as a "dummy barrel." Representative 

examples of feeder 34 include a twin screw gravimetric feeder or a belt resin feeder. To realize 
; greater process efficiency, the polymer can be introduced into the process by means of 
■ individually metered, continuous mass flow streams through feeder 34. 
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Twin screw extruder 10 can be in communication with a gas source 36. Gas source 36 
can be used to deliver or introduce a gas that is capable of reducing the amount of degradation 
experienced by the polymer during the purification process. By way of example, gas source 36 
can be in communication with second barrel 32B. 
5 Once the polymer is introduced into twin screw extruder 10, the polymer is conveyed 

from one end to the other by twin screws 18 and 20. As the polymer is conveyed, the polymer 
should be in a liquid form. The polymer can be exposed to a temperature that decreases the 
viscosity of the polymer. The polymer can be heated at any point along the length of twin screw 
extruder 10, for example, at second and third barrels 32B and 32C. Furthermore, the viscosity of 
10 the polymer can be decreased by mechanical means, such as by kneading blocks that are housed 
in one or more barrels such as kneading block 60, as illustrated in Figure 3. " - 

The fluid that is capable of stripping or removing the impurity from the polymer can be 

introduced into twin screw extruder 10 at any point along chamber 12. Referring to Figure 1, by 

■■ i • * 

way of example, the fluid can be introduced into twin screw extruder 10 through a first injection 
15 port 38 integrated with sixth barrel 32F and a second injection port 40 integrated with seventh 

barrel 32G of twin screw extruder 10. Different fluids, or the same fluids at different rates, can 

be directed into first injection port 38 and second injection port 40, respectively. 

Twin screw extruder 10 can be constructed so that the pressure in chamber 12 is 

sufficiently low at the point where the fluid in injected so that the fluid can be injected into 
20 chamber 12 without being ejected or blown-out from chamber 12. For instance, the screw 

configuration of twin screw extruder 10 can be arranged so that there is a rotational orientation 

along sixth and seventh barrels 32F and 32G that reduces the pressure in chamber 1 2 at these 

points to about atmospheric pressure. 
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In one embodiment, a first fluid pump 42 is jn communication with first injection port 38, 
and a second fluid pump 44 is in communication with second injection port 40. First and second 
fluid pumps 42 and 44 can be configured to provide measured pressure to meet a selected 
> injection rate. A representative example of a pump that can be used for first and second pumps 
5 42 and 44 is a piston pump available from American LEWA, Inc., Holliston, MA. 

After the fluid has captured the impurity and is in a vapor form, the fluid containing the 
impurity can be removed from twin screw extruder 10. Twin screw extruder 10 can have a first 
extraction port 46 and a second extraction port 48. Extraction ports 46 and 48 can be positioned 
after the point in which the fluid has been introduced into twin screw extruder 10. In one 
1 0 embodiment, an extraction port is positioned in close proximity to an injection port in order to 
extract the fluid vapor before any additional amount of fluid is added to extruder 10. Having an 
extraction port in close proximity to the injection port can be useful because it may allow the 
user to remove the fluid before the fluid has an opportunity to react with or otherwise adversely 
interact with the polymer being purified. Referring to Figure 1 , extraction port 46 is integrated 
1 5 with sixth barrel 32F and extraction port 48 is integrated with seventh barrel 32G. In one 
embodiment, extraction ports 46 and 48 are in communication with a vacuum 50. 

Chamber 12 can be configured so that the volume of chamber 12 incrementally increases 
along the length of chamber 12 so that the volume of chamber 12 matches the increase of 
material added to chamber 12 (e.g., the fluid). In other words, chamber 12 can be configured so 
20 that the volume of chamber 12 is in proportion to the volume of material introduced at each port 
so as to maintain a substantially constant mixing volume fill factor within chamber 12. Fill 
factors can vary in the range of 10-90% of the effective (i.e., open) volume of chamber 12, and 
more narrowly 10-30%, to accommodate specific requirements of temperature, viscosity, 
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dispersion and production throughput. If extraction ports 46 and 48 are sufficiently close to first 
and second injection ports 38 and 40, then it may not be necessary to increase the volume of 
chamber 12 along the length of chamber 12 because most of the fluid introduced into chamber 12 
will be removed before approaching a critical fill factor. 
5 Twin screw extruder 10 can have a die head 52 that is used to collect the purified 

polymer. Die head 52 can be pressurized and can eject the purified polymer through a die plate 
as strands into a bath 54 for cooling the purified polymer strands. The bath should contain a 
cooled liquid (e.g., circulating cool water) that does not adversely interact with the polymer, or 
add impurities to the same. Once cooled, the purified polymer is post processed by an air knife 

10 56 and a strand pellitizer 58 for cutting the purified polymer strands into a suitable size. 

Method of Forming the Coating 
Herein is disclosed a method and system of purifying polymers for use with implantable 
medical devices, such as a stent. The implantable medical device may be any suitable medical 
substrate that can be implanted in a human or veterinary patient. In the interests of brevity, a 

15 drug eluting stent including a polymeric coating are described below. However, one of ordinary 
skill in the art will understand that other medical substrates can be manufactured using the 
purified polymers produced by the present invention. For example, devices that are partially or 
completely made from purified bioabsorbable or biostable polymers can be constructed by using 
the embodiments of the present invention. Such devices include stents or polymeric sheaths that 

20 are fabricated by using the purified polymer. 

Examples of implantable medical devices include self-expandable stents, balloon- 
expandable stents, stent^grafts, grafts (e.g., aortic grafts), artificial heart valves, cerebrospinal 
fluid shunts, pacemaker electrodes, and endocardial leads (e.g., FINELINE and ENDOTAK, 
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available from Guidant Corporation, Santa Clara, CA). The underlying structure of the device 
can be of virtually any design. The device can be made of a metallic material or an alloy such as, 
but not limited to, cobalt chromium alloy (ELGILOY), stainless steel (3 16L), high nitrogen 
stainless steel, e.g., BIODUR 1 08, cobalt chrome alloy L-605, "MP35N," "MP20N," 
5 ELASTINITE (Nitinol), tantalum, nickel-titanium alloy, platinum-iridium alloy, gold, 

magnesium, or combinations thereof. "MP35N" and "MP20N" are trade names for alloys of 
cobalt, nickel, chromium and molybdenum available from Standard Press Steel Co., Jenkintown, 
PA. "MP35N" consists of 35% cobalt, 35% nickel, 20% chromium, and 10% molybdenum. 
"MP20N" consists of 50% cobalt, 20% nickel, 20% chromium, and 10% molybdenum. As noted 
10 above, the device can also be made partially or completely from a purified bioabsorbable or 
biostable polymer. 

After the polymer has been purified, the polymer can be applied to a stent to form a 
coating that is substantially biologically inert. "Purified" refers to a polymer that has had 
impurities removed or significantly reduced, "impurities" refer to traces of catalysts, initiators, 

15 processing aids, suspension aids, unreacted monomers and oligomers or other low molecular 
weight species, or. any other chemical remaining in the polymer, that can cause or effectuate an 
adverse biological response greater than which would occur if the impurity is removed or 
significantly reduced. For example, "food packaging grade" EVAL can contain impurities such 
as unreacted and partially reacted monomers, synthesis agents (e.g., initiators, suspension agents, 

20 etc.) and by-products such as sodium hydroxide and sodium acetate, and lower molecular weight 
oligomers. "Biologically inert" refers to a material that does not elicit a significantly greater 
adverse biological response than a biocompatible material, such as stainless steel, when 
implanted into a body vessel. 
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To fabricate the coating, the purified polymer, or a blend of purified polymers, can be 
applied on the stent using commonly used techniques known to those having ordinary skill in the 
art. For example, the polymer can be applied to the stent by dissolving the polymer in a coating 
solvent, or a mixture of solvents, and applying the resulting solution on the stent by spraying or 
5 immersing the stent in the solution. 

Representative examples of some suitable coating solvents include chloroform, acetone, 
water (buffered saline), dimethylsulfoxide, propylene glycol methyl ether, iso-propylalcohol, n- 
propylalcohol, methanol, ethanol, tetrahydrofuran, dimethylformamide, dimethylacetamide, 
benzene, toluene, xylene, hexane, cyclohexane, pentane, heptane, octane, nonane, decane, 
10 decalin, ethyl acetate, butyl acetate, isobutyl acetate, isopropyl acetate, butanol, diacetone 
alcohol, benzyl alcohol, 2-butanone, cyclohexanone, dioxane, methylene chloride, carbon 
tetrachloride, tetrachloroethylene, tetrachloro ethane, chlorobenzene, 1,1,1-trichloroethane, 
formamide, hexafluoroisopropanol, 1,1, 1 -trifluoroethanol, and hexamethyl phosphoramide and a 
combination thereof. 

15 The purified polymer can also be combined with an active agent. The active agent or 

drug can include any substance capable of exerting a therapeutic or prophylactic effect for a 
patient. The driig may include small molecule drugs, peptides, proteins, oligonucleotides, and, 
the like. The active agent could be selected, for example, to inhibit the activity of vascular 
smooth muscle cells. It can be directed at inhibiting abnormal or inappropriate migration and/or 

20 proliferation of smooth muscle cells to inhibit restenosis. Examples of drugs include 

immunosuppressive substances such as rapamycin and structural derivatives or functional 
analogs thereof, such as 40-O-(2-hydroxy)ethyl-rapamycin (known by the trade name of 
Everolimus available from Novartis), 40-O-tetrazole-rapamycin, 40-O-(3-hydroxy)propyl- 
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rapamycin and 40-O-[2-(2-hydroxyjethoxylelhyl-rapamycin; and antiproliferative substances 
such as actinomycin D, or derivatives and analogs thereof. Synonyms of actinomycin D include 
dactinomycin, actinomycin IV, actinomycin Ii, actinomycin X'i, and actinomycin Ci. The active 
agent can also fall under the genus of antineoplastic, anti-inflammatory, antiplatelet, 
5, anticoagulant, antifibrin, antithrombin, antimitotic, antibiotic, antiallergic and antioxidant 
substances. Examples of such antineoplastics and/or antimitotics include paclitaxel, docetaxel, 
methotrexate, azathioprine, vincristine, vinblastine, fluorouracil, doxorubicin, hydrochloride, and 
mitomycin. Examples of such antiplatelets, anticoagulants, antifibrin, and antithrpmbins include 
sodium heparin, low molecular weight heparins, heparinoids, hirudin, argatroban, forskolin, 

10 vapiprost, prostacyclin and prostacyclin analogues, dextran, D-phe-pro-argrchloromethylketone 
(synthetic antithrombin), dipyridamole, glycoprotein Ilb/IIIa platelet membrane receptor 
antagonist antibody, recombinant hirudin, and thrombin. Examples of such cytostatic or 
antiproliferative agents include angiopeptin, angiotensin converting enzyme inhibitors' such as 
captopril, cilazapril or lisinopril, calcium channel blockers (such as nifedipine), colchicine, 

1 5 fibroblast growth factor (FGF) antagonists, fish oil (co-3 -fatty acid), histamine antagonists, 
lovastatin (an inhibitor of HMG-CoA reductase, a cholesterol lowering drug), monoclonal 
antibodies (such as those specific for Platelet-Derived Growth Factor (PDGF) receptors), 
nitroprusside, phosphodiesterase inhibitors, prostaglandin inhibitors, suramin, serotonin blockers, 
steroids, thioprotease inhibitors, triazolopyrimidine (a PDGF antagonist), and nitric oxide. An 

20 example of an antiallergic agent is permirolast potassium. Other therapeutic substances or agents 
which may be appropriate include alpha-interferon; genetically engineered epithelial cells; 
tacrolimus; and dexamethasone. * ' 
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Coating 

In an embodiment of the present invention, a stent has a coating that includes a purified 
polymer. The polymer can be purified by methods detailed herein. The stent can be used for 
implantation at a selected region of a vessel of a patient for inhibiting restenosis, and can include 
5 an active agent. ■'■ /■ 

> 

; The coating for a stent including the purified polymer can have a drug-polymer layer, an 

optional topcoat layer,and an optional primer layer. The drug-polymer layer can be applied 
directly onto the stent surface to serve as a reservoir for a therapeutically active agent or drug 
which is incorporated into the drug-polymer layer. The topcoat layer, which can be essentially 

10 free from any therapeutic substances or drugs, serves as a rate limiting membrane for controlling 
the rate of release of the drug. The optional primer layer can be applied between the stent and 
the drug-polymer layer to improve the adhesion of the drug-polymer layer to the stent. 

After purification,, the polymers can be used for making either the drug-polymer layer, 
the topcoat membrane, the optional primer layer, or any combination thereof. 

i5 . . . - - ; _ . 

EXAMPLE 

Some embodiments of the present invention are illustrated by the following Example. 
The Example is being given by way of illustration only and not by way of limitation. The 
parameters and data are not be construed to unduly limit the scope of the embodiments of the 
20 invention. 

EVAL was purified using a purification system including a modified ZSK-25 mm twin 
screw extruder (available from Coperion Holding GmbH, Stuttgart, Germany). The system was 
used to perform twenty-six sepjarate runs, each having different parameters as summarized below. 
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. The EVAL was supplied by the EVAL Company of America, Houston, TX. Three different lots 
of EVAL were purified using the system: Lot 1 (manufacturer lot number LOST 31); Lot 2 
(manufacturer lot number LIUB 33) and Lot 3 (manufacturer lot number LUJK 52). 

The purification system used for this Example is illustrated in Figure 1 , and included a 
5 gravimetric lpss-in-weight feeder for feeding the resin, two piston pumps for injecting stripping 
fluids, and two vent or extraction ports. The total processing barrel length was L/D=40, 
excluding one "dummy barrel." Each barrel was equipped with its own independent heating and 
cooling system. . ,. . " 

As illustrated in Figure 1, EVAL pellets were introduced at a feed throat at second barrel 
10 32B of the extruder. First barrel 32A acted as a "dummy barrel." Nitrogen was bled at second 
barrel 32B to minimize the degradation of the melted EVAL resin. The feed throat was water- 
cooled. The EVAL resin was then heated in third barrel 32C, and melted and homogenized in 
fourth and fifth barrels 3 2D and 3 2E. 

The fluids were injected into sixth and seventh barrels 32F and 32G with calibrated 1 
15 piston pumps. Four different fluids were used in separate runs: water, a mixture of isopropyl 

alcohol and water (65/35 by w/w), ethanol and DMSO. The ratio of fluid to resin was about 0.14 

■ . - • . r . 

- 0.37 lbs. of fluid for every pound of EVAL resin. 

■ • ■ ■• 

A vacuum pump was connected to sixth arid seventh barrels 32F and 32G. The purified 

polymer was pressurized in eighth barrel 32H and discharged through a die plate of die head 52 
20 at a 45 degree angle to bath 54 having circulating cooled water. The strand was water cooled, air 
knifed and pelletized. ■ 

The screw configuration for the Example is illustrated in Figure 3. The extruder's screw 
configuration was designed to provide sufficient shear rate and stress to melt the EVAL pellets. 
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The following Table 2 provides a summary of the screw configuration. The "Element" column 
refers to segments of first screw 1 8 as illustrated in Figure 3. Elements 1 3 and 20 correspond to 
the segments in which the fluid was injected into the extruder, whereas elements 17 and 25 
correspond to the segments in which the fluid was extracted from the extruder. 

The "Pitch" column refers to the ratio of width/length of first screw 1 8 expressed in 
millimeters. The width is the distance between the threads of first screw 1 8 and the length is the 
length of the corresponding segment. * 
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Table 2 


ELEMENT 

PITCH (mm) 

DIRECTION OF 


ROTATION 

l 

16/16 

TS * 1 j T T J J 

Right-Handed 

2 

24/24 

Right-Handed 

'"» 

3 

36/36 

Right-Handed 

A *' 

4 

36/18 

11 * 1 j TT 1 J 

Right-Handed 

- 

5 

36/36 

Right-Handed 

6 

24/24 

Right-Handed 

7 

Not Applicable (Kneading 

Not Applicable (Kneading 


Block) 

Block) 

8 

24/12 • 

Lett-Handed 

9 

24/24 

Right-Handed 

10 

24/12 

Right-Handed 

1 1 

24/24 

Right-Handed 

12 

T/| /l^ 

24/ 12 

Right-Handed 

13 

5/16 *. 

D' La T_J nw+A 

Right-Handed 

... : , t 
14 . 

lo/lo 

Right-Handed 

1 c 

1 J 


Kignt^rianaeG 

16 

'' : 36/36 

Right-Handed 

17 

48/24 

Right-Handed 

18 

36/18 

Right-Handed 

19 

24/12 

Right-Handed 

20 

8/16 

Right-Handed 

21 

24/12 

Left-Handed 

22' 

16/16 

Right-Handed 

23 ' ' 

24/12 

Right-Handed 

24 

36/36 

Right-Handed 

25 

48/24 

Right-Handed 

26 

36/18 

Right-Handed 

27 

24/24 

Right-Handed 


As noted above, the system was used to perform twenty-six separate runs. The run 
conditions are summarized in the following Table 3: 
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Table 3 Run Conditions 


Sample # 

1 

' 2 

3 

4 

5 

6 

7 

8 

Rotations/Minute Of 

80 

80 

80 

80 

80 

80 

80 

80 

Screws 









Input Rate Of Polymer 

7.5 

7.5 

7,5 

7.5 

' 7.5 

7.5 

7.5. 

7.5 

(Ib/hr) 









Torque Of Screws 

80 

83 

86 

86 . 

86 

86 

80 

82 

Work On Material (kW) 

1.13 

1.17 

1.18 

1.21 

1.21 

1.21 

1.13 

1.15 

EVAL Resin lot ID 

1 

1 

2 

2 ' 

3 

3 

• 3 . 

■ 3 

Fluid 

■ HiQ 

H 2 0 

H 2 0 

H 2 0 

H 2 G 

H 2 0 

IPA/ 
H 2 0 

IPA/ 
H?0 

Injection Rate of Fluid 

0 

675 

0 

580 

0 

570' 

0 

520 

(Barrel 32F) (ml/hr) 









Injection Rate of Fluid 

525 

525 ; 

500 

500 

490 

490 

540 

540 

(Barrel 32G) (ml/hr) 

< 








Number of Injections 

1 

2 

1 

■ 2 

1 

2 

1 

2 

During Process 









Vacuum Pressure (Barrel 

2.0 

4.5 

1.5 

5.8 

2-5 

7.0 

2.4 

6 r 2 

32F)(mmHg) 









Vacuum Pressure (Barrel 

6.5 

5.5 

4.5 

6.3 

5.8 

7.2 

. 4.4 

6.2 

32G) (mm Hg) 









Temperature of Barrel 32C 

, 190 

190 

190 

190 

190 

190 

190 

190 

(°Q 









Temperature of Barrel 32D 

190 

190 

190 

190 

190 

190 

190, 

190 

(°C) 









Temperature of Barrel 32E 

180 

180 

180 

180 

180 

180 

180 

1 82 

(°C) 









Temperature of Barrel 32F 

170 

. 170 

. 170 

170 

170 

170 

170 

172 

(°Q 









Temperature of Barrel 32G 

170 

170 

170 

170 

170 

170 

170 

170 

(°C) 









Temperature of Barrel 32H 

170 

170 

170 

170 

170 

170 

170 

170 

(°C) 









Temperature of Die Head 

190 

190 

190 

190 

190 

190 

190 

190 

(°C) 









Pressure of Chamber At 

186 

225 

209 

240 

190 

220 

235 

231 

Discharge (lb/in 2 ) 
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Table 3 Run Conditions (cont.) 


Sample # 

9 

10 

11 

12 

13 

14 

15 

16 

Rotations/Minute Of 
Screws 

80 

80 

80 

80 

80 

80 

80 

80 

Input Rate Of Polymer 
(lb/hr) 

7.5 

7.5 . 

7.5 

7.5 

7.5 

7.5 

7.5 

7.5 

Torque Of Screws 

82 

87 

82 

80 

78 

80 

78 

79 

Work On Material (kW) 

1.15 

1.22 

1.15 

1.13 

1.10 

1.13 ' 

HO 

1.11 

EVAL Resin lot ID 

2 

. 2 

1 

1 

1 

1 

2 

2 

Fluid 

IPA/ 
H 2 0 

IPA/ 
H 2 0 

IPA/ 
H 2 0 

IPA/ 
H 2 0 

ETOH 

ETOH 

ETOH 

ETOH 

Injection Rate of Fluid 
(Barrel 32F) (ml/hr) 

0 

520- 

0 

540 

0 

550 

0 

550 

Injection Rate of Fluid 
(Barrel 32G) (ml/hr) 

560 

500' 

540 

540 

640 

648 

650 

650 

Number of Injections 
During Process 

.... ....... 

2 

1 

2 

1 

2 . 

1 

2 

Vacuum Pressure (Barrel 
32F) (mm Hg) 

N/A 

7.2 _ 

.4.0 

6.0 

6.0 

7.5 

7.0 

8.5 

Vacuum Pressure (Barrel 
32G) (mm Hg) 

7.2 , 

7.2 

5.0 

6.0 

6.5 

7.0 

N/A 

9.0 

Temperature of Barrel 32C 

(°o 

1 90 

190. 

190 

190 

196 

190 

191 

190 

Temperature of Barrel 32D 

(°C) 

190 

190 

190 

190 

193 

192 

190 

190 

Temperature of Barrel 32E 

(°C) 

178 

179 

.180 

181 

182 

.182 

177 

177 

Temperature of Barrel 32F 

(°Q. 

172 

176 

170 

1 73 

170 

170 

170 

170 

Temperature of Barrel 32G 

(°Q 

168 

170 

170 

169 

170 

170 

170 

170 

Temperature of Barrel 32H 

(OQ 

164 

170 

170 

169 

170 

170 

170 

170 

Temperature of Die Head 
(°C) 

190 

190 

190 

190 

190 

190 

190 

190 

Pressure of Chamber At 
Discharge (lb/in 2 ) 

202 

210 

215 

198 

202 

215 

207 

217 


IT, 


50623.251 


Table 3 Run Conditions jcont) 


Sample # 

17 

18 

19 

20 

21 

22 

23 

Rotations/Minute Of 
Screws 

80 

: 80 

80 

80 

80 

80 

80 

Input Rate Of 
Polymer (lb/hr) 

. 7.5 

7.5 : 

7.5 

. 7.5 

7.5 

7.5 

7.5 

Torque Of Screws . 

N/A 

79/ 

76 

68 

75 

66 

75 , 

Work On Material 
(kW) 

' N/A 

1.11 

1.07 

0.96 

1.06 

0.93 

1.06 

EVAL Resin lot ID 

3 ' 

3 

... . 3 

• "3 

2 

2 

1 

Fluid 

RTOII 

ETOH 

DMSO 

DMSO 

DMSO 

DMSO 

DMSO 

Injection Rate of 
Fluid (Barrel 32F) 
(ml/hr) 

558 ' 

650 

0 

680 

0 

680 

0 

Injection Rate of 
Fluid (Barrel 32G) 
(ml/hr) 

558 

550 

540 

540 , 

550 

550 

550 ' 

Number of 
Injections During 
Process 

1 

. 2 

."• 1 "". 

' 2 • 

'. 1 

2 

1 

Vacuum Pressure 
(Barrel 32F) (mm 
Hg) 

7.0 

7.0 

6.0 

7.0 

6.0 

8.5 

. N/A 

Vacuum Pressure 
(Barrel 32G) (mm 
Hg) 

7.5' 

7.5 

4.5 

6.5 

7.5 

9.0 

N/A 

Temperature of 
Barrel 32C (°C) 

190 

190 

190 

190 

190 

190 . 

190 

Temperature of 
Barrel 32D (°C) 

190 

190 

190 

190 

190 

190 

190 

Temperature of 
Barrel 32E (°C) 

180 

180 

180 

180 

180 

180 

180 

Temperature of 
Barrel 32F (°C) 

170 

170 

169 

172 

171 

171 

171 

Temperature of 
Barrel 32G(°C) 

170 

170 

170 

170 

170 

170, . 

170 

Temperature of 
Barrel 32H(°C) 

170 

170 

169 

170 

170 

170 

170 

Temperature of Die 
Head (°C) 

190 

190 

190 . 

190 

190 

190 

190 

Pressure of 
Chamber At 
Discharge (lb/in 2 ) 

• 197. 

216 

210 V 

■215 

207 

147 

157 
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Table 3 Run Conditions (cont.) 


Sample # 

24 ' 

25 

' 26 , 

Rotations/Minute Of 
Screws 

80 

80 

80 

Input Rate Of 
Polymer (lb/hr) 

7.5 

; 7.5, ; 

7,5 • 

Torque Of Screws 

67 

.' 72 , 

66 

Work On Material 
(kW) 

0.94 

1.01 

0.93 

EVAL Resin lot ID 

1 

1 

1 

Fluid 

DMSO 

DMSO 

DMSO 

Injection Rate of 
Fluid (Barrel 32F) 
(ml/hr) 

580 

".: 9 , ;: 

0 

Injection Rate of 
Fluid (Barrel 32G) 
(ml/hr) 

550 

.283 

540 

Number of 
Injections during 
Process 

2 

IV 

1 

Vacuum Pressure 
(Barrel 32F) (mm 
Hg) 

8.0 

Ambient 

Ambient 

Vacuum Pressure 
(Barrel 32G) (mm 
Hg) 

8.5 

Ambient 

Ambient 

Temperature of 
Barrel 32C (°C) 

190 

190 

190 

Temperature of 
Barrel 32D (°C) 

190 

190 

190 

Temperature of 
Barrel 32E (°C) 

. 180 

180 

180 

Temperature of 
Barrel 32F (°C) 

171 

171 . 

171 

Temperature of 
Barrel 32G (°C) 

170 

' ■ 170 

170 

Temperature of 
Barrel 32H (°C) 

170 

170 

170 

Temperature of Die 
Head (°C) 

190 

190 

190 

Pressure of 
Chamber At 
Discharge (lb/in 2 ) 

134 , 

120 

75 
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It was observed that the visual appearance of the purified EVAL was significantly 
improved. In particular, much of the discoloration of the EVAL resin was removed by the 
process. Additionally, the purified EVAL resin was produced in less than four hours, 
significantly faster than other methods of purification: 

While particular embodiments of the present invention have been shown and described, it 
will be obvious to those skilled in the art that changes and modifications can be made without 
departing from this invention in its broader aspects. Therefore, the appended claims are to 
encompass within their scope all such changes and modifications as fall within the true spirit and 
scope of this invention. 


